Introduction {#s1}
============

Stroke is a highly disabling cerebrovascular disease among the elderlies associating with significant mortality and morbidity and considerable economic burden.^[@R1]^ It accounts for more than 6 million deaths annually and the number of stroke victims will increase nearly 20% by 2030.^[@R2]^ Moreover, annual direct and indirect costs for stroke is estimated to increase more than 2 fold from 2010 to 2030, reaching around 240.67 billion \$ by 2030 in the United States.^[@R3]^ Hence, it is proposed to become even more crucial health care problem in upcoming years.^[@R4]^

Male sex is considered as an important risk factor for stroke. In comparison with age-matched women, the overall incidence of stroke in men is high indicating that sex steroids may have a role in the pathophysiology of stroke.^[@R5]^ There is a link between low circulating testosterone (TES) levels and incidence of cerebrovascular events such as transient ischemic attack and ischemic stroke in men. Also, low levels of TES appears to be involved in clinical outcomes of ischemic stroke survivors.^[@R6],[@R7]^ Moreover, some of the major stroke risk factors such as cardiovascular disorders,^[@R8]^ atherosclerosis^[@R9]^ and type 2 diabetes^[@R10]^ are usually associated with low TES levels in the old men. Given the role of TES in stroke, this paper aims to focus on the different neuroprotective mechanisms of TES in ischemic stroke.

Testosterone biology and biosynthesis {#s2}
=====================================

TES is a steroidal sex hormone largely producing by Leydig cells^[@R11]^ localized in the testicular interstitial.^[@R12]^ In addition, a small fraction of TES is released by the zona reticularis of the adrenal glands. However, its production is not limited to the men and in women, both ovaries and the adrenal gland are able to produce small amounts of TES.^[@R13]^ TES acts as a pro-hormone in the cerebral tissue and nearly 7% of it can be converted to 5α-dihydrotestosterone (DHT) via the activity of 5α-reductase enzyme.^[@R14],[@R15]^ Also a small amount of TEs (about 0.5%) is oxidized to 17β-estradiol by aromatase cytochrome P450 enzyme.^[@R13]^ Both these molecules are biologically active and mediate some of the TES roles in relation to neuronal cells.^[@R13],[@R16]^ About 98% of circulating TES is bound to sex hormone-binding globulin (SHBG) and albumins; however, only small percentage of TES (0.5%-2%) remains in its unbound form and circulates freely throughout the bloodstream.^[@R17],[@R18]^ TES has a high affinity for SHGB and is tightly bound to SHGB which makes SHBG-bound TES unavailable to the most of the tissues for action.^[@R18]^ In contrast, since TES exhibits low affinity for binding to albumin, it is loosely bound to it.^[@R17],[@R18]^ Thence TES only in albumin-bound and its un-bound (free from) is able to influence the target cells.^[@R18]^

In men, SHBG levels increases during aging^[@R17]^ which leads to more reduction of free TES (2%-3% per year) when compared with total TES (1.6% per year).^[@R19]^ Physiologically, only free TES is able to pass via the blood-brain barrier and reach to the cerebral tissue.^[@R20],[@R21]^ Given this, decline in free form of TES impacts on its cerebral levels which may be responsible for appearance of some age-related conditions such as Alzheimer's disease,^[@R22]^ Parkinson's disease^[@R23]^ and cerebrovascular events.^[@R6]^

Hypothalamic-pituitary system controls gonadal hormones release. Hypothalamus through secretion of gonadotropin-releasing hormone stimulates pituitary gland for releasing of luteinizing hormone (LH). In the testis, LH interacts with its specific receptors and initiates a series of intracellular events for TES biosynthesis.^[@R24]^ Stimulation of LH-receptors phosphorylates the steroidogenic acute regulatory protein (StAR) and translocator protein (TSPO),^[@R12],[@R25]^ 2 key components for cholesterol trafficking from the cellular pool into the inner mitochondrial membrane.^[@R24]-[@R26]^ Within the mitochondria, cytochrome P450 enzyme CYP11A1 converts it to pregnenolone.^[@R12]^ Then, pregnenolone leaves mitochondria and enters the smooth endoplasmic reticulum, where it changes to progesterone by microsomal 3β-hydroxysteroid dehydrogenase (3β-HSD).^[@R12],[@R25]^ Progesterone subsequently underwent oxidation to androstenedione by 17α-hydroxylase/C17-20 lyase (CYP17). Ultimately, androstenedione is metabolized to TES via enzymatic activity of 3-17 β-hydroxysteroid dehydrogenases (17β-HSD3)^[@R12]^ ([Figure 1](#F1){ref-type="fig"}).
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Aging and decline in testosterone level {#s3}
=======================================

TES deficiency or andropause is characterized with a reduction in total and free TES levels and affects 20%-25% of men above age 65.^[@R6],[@R18],[@R23]^ Beside aging,^[@R6]^ other conditions such as age-related comorbid disorders and applied medical interventions can also affect TES levels in elderlies.^[@R18]^ This state leads to changes in body composition,^[@R27]^ insulin resistance,^[@R10]^ obesity, reduction of muscle mass, increase of fat mass^[@R28]^ as well as sexual and emotional dysfunctions.^[@R18],[@R27],[@R28]^ Although there is no comprehensive data about mechanisms underlying TES decline in aged men, evidence shows either number or ability of Leydig cells for production of TES^[@R24],[@R29]^ are reduced by 50% in aging.^[@R27]^ Given this, it seems that impaired steroidogenic pathway in the aged Leydig cells may have a pivotal role in this condition.^[@R12],[@R30]^ Based on oxidative stress theory of aging, long-term oxidative stress happens in aerobic organisms under normal physiologic condition^[@R12]^ due to excessive production and deposition of superoxide and other reactive oxygen species (ROS) as well as the disability of cells to clearance of these active molecules.^[@R12],[@R24]^ These processes result in oxidative injuries to intracellular biologic macromolecules such as proteins, lipids, and DNA.^[@R24],[@R31],[@R32]^

Leydig cells are highly prone to oxidative insults likely due to the production of ROS by mitochondrial electron transport chain and containing P450 enzymes that mediate oxidation of their relevant substrates in the steroidogenic pathway.^[@R24]^ Interestingly, macrophages which are resident in the interstitial compartment of testes produce ROS and increased the vulnerability of the Leydig cells toward oxidative damage.^[@R27]^ Therefore, these cells are specialized to express a high amount of scavenging molecules such as superoxide dismutase, glutathione peroxidase, and glutathione. However, their capacity to neutralisation of reactive molecules significantly decreased with aging,^[@R24],[@R27]^ which this lead to oxidative injury to those essential components of the steroidogenic pathway.^[@R24],[@R33],[@R34]^ Findings show that activity of components such as smooth endoplasmic reticulum content (3β-HSD, P450~17~α, and 17β-HSD),^[@R30]^ cholesterol transfers; StAR, TSPO and mitochondrial P450scc enzyme^[@R34]^ are impaired upon oxidative stress during aging^[@R12],[@R27],[@R34]^ ([Figure 1](#F1){ref-type="fig"}). Also, activation of LH receptors and intracellular levels of cAMP in the Leydig cells are necessary for normal function of this well-organized pathway. Therefore, impaired LH-cAMP signaling cascade decreases the capacity of these cells to produce enough TES.^[@R34],[@R35]^ According to the radioligand binding studies, the number and affinity of LH binding sites are reduced by 50%--70% in both aged and LH-suppressed Leydig cells.^[@R35]^ However, it seems this reduction does not affect TES production. This event can be explained by 2 facts: first, although activation of LH receptors is necessary for activation of LH-cAMP cascade, maximal activation requires only 10% of the total LH receptors^[@R12],[@R36]^; and second, though LH-suppressed cells show even more LH binding than aged cells, under LH stimulation they produce more significant levels of TES^[@R12],[@R35]^ and cAMP as well.^[@R35]^ These reflect that LH signal transduction is severely affected by aging and disability of these cells to maintain cAMP levels in physiologic amount reduces the phosphorylated amount of StAR and TSPO^[@R12]^ and resulting in defective translocation of cholesterol toward the steroidogenic enzymes of the Leydig cells. Although the mechanism(s) underlying of impaired LH receptors transduction are poorly understood, findings show that oxidative stress may influence membrane fluidity^[@R37],[@R38]^ and decrease the ability of LH-cAMP function.^[@R35]^ [Table 1](#T1){ref-type="table"} summarises some deficient factors in the steroidogenic pathway of aged Leydig cells.

###### Changes in Leydig cells key components involved in TES synthesis during aging

  -------------------------- -------------------------------------- ----------------------------- -----------------
  **Component**              **Affected components**                **Analysis technique**        **References**

  LH receptor density        Decreased mRNA level                   DNA microarray                ^[@R39]^

  StAR protein               Decreased mRNA level                   Northern blotting\            ^[@R40]-[@R42]^
                                                                    Real-time quantitative PCR\   
                                                                    Western blotting              

  Decreased protein level                                                                         

  Decreased activity                                                                              

  TSPO protein               Reduction in mRNA and protein levels   Northern blotting and\        ^[@R43]^
                                                                    Bradford method               

  Mitochondrial P450~Scc~    Decreased mRNA levels                  Northern blotting             ^[@R40],[@R41]^

  Decreased protein levels   Western blotting                                                     

  3β-HSD, CYP17 & 17β-HSD3   Decreased mRNA levels                  Northern blotting             ^[@R30]^

  Decreased protein levels   Western blotting                                                     
  -------------------------- -------------------------------------- ----------------------------- -----------------

Abbreviations: StAR, steroidogenic acute regulatory protein; TSPO, translocator protein; 3β-HSD, 3β-hydroxysteroid dehydrogenase.

Neuroprotective role of the androgenic pathway in stroke {#s4}
========================================================

Cerebral ischemia is caused by occlusion of cerebral arteries and interruption of cerebral blood flow resulting in cell death and activation of deleterious cascades in perfusion territory of the affected vessels.^[@R2],[@R44]^ Till now, two primary strategies have been proposed for remission of ischemic stroke consequences. Firstly vascular approach,^[@R44]^ in which thrombolysis with tissue plasminogen activator (tPA) is used as a first-line option.^[@R1],[@R4]^ In spite of using this therapy, morbidity of stroke is still high,^[@R4]^ indicating the effectiveness of tPA therapy is doubtful. As a matter of fact, tPA therapeutic advantage is time-dependent (its door-to-needle times is \<1 hour)^[@R45]^ and only is effective in limited numbers of patients. On the other hand, the risk of subsequent intra-cerebral,^[@R46]^ peripheral hemorrhage and occurrence of re-occlusion are associated with this therapy.^[@R1]^ The second strategy is the use of neuroprotective regimens,^[@R44]^ to prevent or to alleviate ischemic injuries.^[@R47]^ To our knowledge, the majority of findings related to the therapeutic role of TES originate from the research conducted in middle cerebral artery occlusion (MCAO) model in male rodents.^[@R5],[@R48],[@R49]^ This model provides a site-specific and biphasic focal ischemia condition,^[@R50]^ which it consists of two distinct phases, including ischemia phase causing cerebral infarct through the cessation of blood flow to MCAO territory^[@R51]^ and reperfusion phase that is exploited by removing of the blockade to the restoration of middle cerebral artery (MCA) blood flow.^[@R52],[@R53]^ Therefore, MCAO provides a clinically revealed model to resemble human ischemic stroke which occurs by 80% in the territory of MCA and usually followed by recanalization.^[@R52]^

Studies show that TES replacement during reperfusion phase of MCAO improves neurochemical, histological^[@R5]^ and behavioral outcomes of ischemic strokes in castrated rats.^[@R5],[@R49]^ The brain acts as an androgen-responsive organ^[@R54]^ in which TES and DHT interact with androgenic receptors (ARs) in order to regulate different neurological functions.^[@R20]^ Beside this, 17β-estradiol, an aromatization product of TES, can activate estrogen pathways in the brain.^[@R16],[@R54]^ This pathway not only involves in androgenic signaling, but also contributes to neuroprotection procedures.^[@R16]^ It has been suggested that both of these mechanisms (activation of ARs and estrogen pathways) reduce the severity of ischemic insults in rodents.^[@R54],[@R55]^ Pharmacologic silencing of ARs could improve the neuroprotective effect of TES in the MCAO model possibly via elevation of available TES for metabolization to 17β-estradiol.^[@R54],[@R55]^

Neuroprotective mechanisms of testosterone {#s5}
==========================================

Effects on oxidative stress {#s5-1}
---------------------------

Brain tissue is susceptible to oxidative stress damages, due to its high metabolic activity, oxygen consumption and massive levels of peroxidizable lipids.^[@R56]^ Moreover, the antioxidant capacity of the brain to neutralize reactive molecules is lower than other tissues.^[@R57],[@R58]^ During reperfusion phase of stroke, the excessive amount of O~2~ is delivered to the ischemic neurons to maintain their viability, this impairs mitochondrial respiratory chain via elevation of O~2~ to supra-physiologic levels.^[@R59]^ Besides, a deficit in brain antioxidant enzymes could result in macromolecular damages and apoptotic cell death.^[@R5],[@R60],[@R61]^ Fanaei et al demonstrated that TES attenuated oxidative stress in mice model of MCAO. According to their findings, post MCAO administration of TES decreases lipid peroxidation and augments superoxide dismutase and catalase activities through activation of ARs.^[@R55]^ The anti-oxidant activity of TES is more supported by Túnez et al study. They showed that TES is able to increase cerebral catalase activity and decrease malondialdehyde levels, as a lipid peroxidation marker, in 3-nitropropionic-induced oxidative stress in ovariectomized rats.^[@R62]^ In addition, Gürer et al reported increased levels of antioxidant enzymes such as catalase as well as superoxide dismutase and reduced malondialdehyde level following TES administration in a rabbit model of spinal cord ischemic reperfusion injury.^[@R20]^ Hence, TES may ischemic injuries and exhibit neuroprotective effect through its antioxidant properties ([Figure 2](#F2){ref-type="fig"}).
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Effects on apoptotic cell death {#s5-2}
-------------------------------

Necrosis and apoptosis are proposed to be involved in cell death following stroke. Immediately after ischemic stroke, the central core of impacted area undergoes necrotic cell death. This core is surrounded by a moderately hypoperfused penumbra zone that maintains structural integrity.^[@R63]^ Penumbra or periinfarct zone comprises nearly half of the total lesion volume during the initial stages of stroke which represent that the area may be recovered by early re-occlusion.^[@R59]^

The brain blood flow is 55 mL/100 g/min under the physiologic condition but in penumbra zone, it declines below 18 mL/100 g/min.^[@R64]^ Although neurons in the penumbra zone are functionally inactive, their metabolic functions are sustained^[@R2]^ and the majority of neurons in this region commit suicide by activating an apoptotic cell death program after the stroke attack.^[@R65]^ Contrary to necrotic cell death, apoptosis is a relatively ordered process and is activated by a sequence of biochemical cascades and culminates in energy-dependent programmed cell loss,^[@R65],[@R66]^ the cytoplasmic and nuclear condensation, and DNA break into nucleosomal fragments.^[@R67],[@R68]^ Apoptosis resulting in the disposal of shrunken remnants of dismantled cells by macrophages without inflammation in order to minimize ischemic injuries to adjacent cells.^[@R66]^ Two general pathways of apoptosis, the extrinsic and intrinsic pathways, are activated following stroke in the penumbra.^[@R65]^ These pathways depend on the related activity of caspase and Bcl-2 family proteins, consisting of anti-apoptotic (Bcl-2 and Bcl-x) and pro-apoptotic (Bax) members.^[@R69]^ Caspases belong to cysteine protease family and supposed to have a role in ischemic reperfusion injuries.^[@R20]^ A rapid increase in caspase activity in penumbra zone following reperfusion reflects that inhibition of caspase may have a role to minimize focal ischemic injuries.^[@R63]^

A few studies have reported that TES inhibits apoptotic cell death in the experimental model of stroke. Persky et al showed that five consecutive days exposure of neonatal rats to exogenous TES decreases their sensitivity to MCAO injuries. They proposed that postnatal administration of TES (but not DHT) enhances circulating estradiol level which ultimately induces the expression of X-linked inhibitor of apoptosis resulting in blockade of activated caspase.^[@R48]^ The anti-apoptotic role of TES is more supported by Gürer et al showing TES administration in part through caspase-3 inhibition reduces apoptosis in ischemia/reperfusion spinal cord injuries and improves functional recovery.^[@R20]^ The neuroprotective effect of androgens in cerebral ischemia is also associated with PI3K**/**Akt signaling pathway.^[@R54]^ Following ischemia, this pathway is activated and regulates apoptotic cell death through up-regulation of anti-apoptotic members such as Bcl-2 and Bcl-xL, which improves neuronal survival.^[@R70]^ Moreover, androgens through an AR-dependent signaling cascade stimulate mitogen-activated protein kinase/extracellular signal-regulated protein kinase (MAPK/ERK) pathway, followed by inhibiting of phosphorylation of the pro-apoptotic protein Bad, resulting in decreasing apoptotic cell death^[@R71]^ ([Figure 2](#F2){ref-type="fig"}).

Effects on brain neuronal integrity {#s5-3}
-----------------------------------

Aging also influences the integrity of the neurovascular unit which may accelerate brain injury following ischemic stroke.^[@R72]^ Cellular and molecular studies also show protective effects of TES on brain microvasculature, and physiological levels of TES and its metabolite diminish infarct damage after MACAO in castrated mice.^[@R20],[@R71],[@R73]^ Effects of TES levels and replacement on neuronal structure, blood-brain barrier (BBB), and neuroinflammation have been studied in rodents, though not in the context of brain injury. A study shows that age-dependent variations in TES levels are a causative issue to age-associated white matter impairment. Beilecky et al reported that TES and its receptor have a central role in the myelin regeneration in mice. They showed that TES and ARs are involved in the astrocyte recruitment into a demyelinated lesion and spontaneous oligodendrocyte-mediated remyelination. However, in the absence of testes, TES, as well as ARs remyelination is markedly repressed in castrated mice.^[@R74]^ Stroke also results in disruption of the BBB and increases its permeability and the entry of immune cells.^[@R75],[@R76]^ So far, limited data are available in the literature about the role of TES on BBB structure. Barreto et al. reported that TES reduces reactive astroglia and reactive microglia after brain injury in gonadectomized male rats.^[@R77]^ A recent study also demonstrated that TES depletion is associated with BBB permeability, activation of astroglia and microglia, and up-regulation of inflammatory mediators in the medial preoptic area. Nevertheless, TES replacement for 30 days restored BBB permeability, tight junction integrity and attenuated inflammation in castrated male mice.^[@R78]^ Moreover, in vitro study showed that TES up-regulates aquaporin-4, an astrocyte-specific water channel, expression in the cultured astrocytes concomitantly with a decrease in astrocyte osmotic fragility indicating a protective effect of TES against brain edema.^[@R79]^

Furthermore, dysfunction of the immune system is the main contributor to morbidity and long-term recovery following ischemic stroke.^[@R80]^ Therefore, it is important to examine the influence of TES levels on immune function following stroke. Human studies showed that elderly men with hypogonadism have high serum TNF-α and IL-6 levels, and TES therapy attenuates pro-inflammatory cytokines and increases anti-inflammatory mediators such as IL-10.^[@R81]-[@R83]^

The possible health risks of TES replacement therapy {#s6}
====================================================

There is controversy regarding indications of TES supplementation in aging men. In spite of this controversy, TES supplementation in the United States has increased considerably over the past several years and the US Food and Drug Administration (FDA) has warned that exogenous TES supplementation is approved only for men who have low TES levels to restore its levels at as close to physiologic concentrations.^[@R84],[@R85]^

Evidence shows that restoring TES levels to within the normal range in aging men with hypogonadism produce a wide range of benefits including improvement in sexual function and libido, body composition, bone density and muscle mass, mood, cognition, and cardiovascular disease.^[@R86]^ While TES replacement has several benefits which enhance the quality of life of patients, there is some evidence on the risks of TES use.^[@R86],[@R87]^ Many of the health risks of TES replacement therapy depend on age, medical conditions, and life circumstances.^[@R88]^ Therefore, all elderly men with subnormal TES levels (serum total TES levels \< 300 ng/dL), who need TES therapy, should be informed of all risks. TES replacement has been linked to congestive heart failure, benign prostatic hyperplasia, male breast cancer, polycythemia, obstructive sleep apnea, hepatic tumors, hepatotoxicity, and liver failure.^[@R41],[@R89]^ Another potential health risks of TES supplementation therapy is stimulation of prostate cancer and benign prostatic hyperplasia, even though there is no conclusive evidence to support this risk.^[@R90]-[@R94]^ Unfortunately, data on the safety of TES therapy in the aging population is not currently available and large-scale prospective studies addressing the long-term effect of TES and assessing its benefits and risks are needed.

Conclusion {#s7}
==========

Based on above, TES neuroprotection against stroke in aging appears to be mediated by several mechanisms including inhibition of production of oxidant molecules, enhancing the enzymatic antioxidant capacity of the brain, activation of PI3K/AKT pathway and enhancing cell survival, inhibition of pro-apoptotic protein through AR-dependent MAPK/ERK pathway, as well as improvement of brain neuronal and BBB integrities. These mechanisms may propose future therapeutic strategies to improve the quality of life and decrease androgen-related health problems in the aging population.
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